The Colorado potato beetle, Leptinotarsa decemlineata (Say) Order Coleoptera and the potato leafhopper, Empoasca fabae (Harris) Order Homoptera, are the major insect pests of potato in eastern North America. In two years of field trials, we compared the effectiveness of three pest management options for the control of Colorado potato beetle and potato leafhopper: natural host plant resistance (glandular trichomes), engineered resistance (Bacillus thuringiensis [Bt] Berliner cry3A gene) and a susceptible potato cultivar (Superior) with an at-planting application of the insecticide thiamethoxam. Similar and acceptable control of the Colorado potato beetle larvae was obtained with the Bt-cry3A lines and the thiamethoxam treated "Superior" variety. The glandular trichome cultivar had significantly less Colorado potato beetle damage than did the untreated "Superior" in 2004, although damage was significantly greater than in the Bt-cry3A lines and the insecticide-treated potatoes for both years, and was the only treatment that consistently had very little potato leafhopper damage. These data demonstrate that although each type of host plant resistance mechanism (Bt-cry3A or glandular trichomes) was as effective as the chemical control against one of the insects, neither provides adequate resistance to both Colorado potato beetle and potato leaf hopper.
Introduction
The Colorado potato beetle, Leptinotarsa decemlineata (Say) Order Coleoptera, is considered the most important pest of potatoes throughout the northeastern and mid-Atlantic regions of the United States [1] . Growers rely on pesticides to control Colorado potato beetle in the field but it has developed field resistance to nearly every insecticide used against it and is now resistant to more than 40 chemical insecticides [2] .
Another important insect pest of potatoes, the potato leafhopper (Empoasca fabae (Harris) Order Homoptera), is a sap-feeding insect pest that causes damage known as "hopper burn" [1, 3] . Even low numbers of leafhoppers can cause significant yield losses [4] . In addition, this insect in organic potato fields can cause significant yield losses as there are few control options that are approved for organic production systems [5] .
Currently, growers throughout the potato-producing regions of the USA use an at-plant insecticide such as thiamethoxam to control both Colorado potato beetle and potato leafhopper. Although thiamethoxam is systemic, the length of effective protection can vary and additional foliar insecticide sprays may be needed to control midsummer populations of potato leafhopper, thus adding to the cost of production.
Although pesticides are the primary method used to control both Colorado potato beetle and potato leafhopper, other methods of control should be developed and incorporated into a pest management strategy for these insects. Host plant resistance to potato leafhoppers [6] and the Colorado potato beetle [7] has been demonstrated in the wild Bolivian potato species, Solanum berthaultii Hawkes. This resistance is due to glandular trichomes that exude a viscous fluid, entrapping small arthropods and covering the appendages of larger ones [8] . The potato cultivar "Prince Hairy" (breeding line NYL235-4) was developed at Cornell University through conventional cross-breeding techniques using S. berthaultii and in field trials was shown to reduce the number of sprays needed for control of Colorado potato beetle [9] . Another alternative to chemical insecticides is the use of Bt-based insecticides. The Cry3A delta-endotoxin of Bacillus thuringiensis tenebrionis Berliner (Bt) is a microbial protein with specific insecticidal properties against coleopterans but not homopterans [10] . Several potato cultivars have been transformed with the cry3A gene including "Norwis" and "Yukon Gold" [11] which are two important cultivars in Long Island, NY, where Colorado potato beetle pressure is extreme. Although several studies have demonstrated the effectiveness of the cry3A gene against Colorado potato beetle [11] [12] [13] , none of these studies looked at the effect of the cry3A gene on potato leafhopper.
In many regions of potato production potato leafhopper and Colorado potato beetle are often found together on potato plants. Therefore, pest management strategies that control both insects are beneficial. Currently, there have been no published studies to evaluate the efficacy of the cry3A gene against both Colorado potato beetle and potato leafhopper or to compare the efficacy of the cry3A gene with current insecticide regimens used by commercial potato growers. Therefore, this field study compares the effectiveness of natural host plant resistance (glandular trichomes), Bt-cry3A-based resistance, and pesticide-based regimens (thiamethoxam at planting) for the control of both Colorado potato beetle and potato leafhopper.
Materials and Methods

Description of Plant Material.
Two transgenic potato lines were used in these studies, along with the commercial potato cultivar "Superior" and the cultivar "Prince Hairy."
All were obtained from the breeding program at Michigan State University as seed tubers:
(2) "Yukon Gold + Bt-cry3A" [11] ; (3) "Prince Hairy": variety with glandular trichomes [9] ; (4) "Superior": fresh-market potato cultivar; susceptible to potato leafhopper and Colorado potato beetle. ) and fertilizer (56 kg·ha −1 N-P-K) were applied and incorporated. The experiment was planted in a randomized complete block design with four replications. Plots consisted of three rows of potatoes. Each row was 7.62 m long and 0.91 m wide with seed pieces spaced 22.9 cm apart within the row. One treatment ("Superior") received a single in-furrow application of thiamethoxam (Platinum 2SC, Syngenta, Greensboro, NC) at planting at a rate of 586.4 mL·ha −1 , applied with a handheld Agway 7.6 liter sprinkler can in a 10.2 cm band into the seed furrow ahead of the covering hillers; no other treatments received any insecticide applications. A non-insecticide-treated guard row of the cultivar "Superior" buffered each treated row to reduce migration between plots. Postemergence herbicides were applied to all plots according to commercial recommendations [14] , and plots were cultivated and irrigated as needed.
Experimental
Assessment of Insect
Resistance. The numbers of Colorado potato beetle small larvae (1st and 2nd instars) and large larvae (3rd and 4th instars) were counted on three plants in the middle of the center row of each plot after potato beetle population levels developed. The percentage of plant defoliation caused by Colorado potato beetle feeding was measured by visual evaluation (Dr. Ghidiu) on 10 plants in the center of each plot at two to four time points. Potato leafhopper ratings (0 = no damage; 1 = light damage with off-color leaves, slight curling; 2 = moderate damage, leaves yellowing with heavy curling; 3 = severe damage, leaves brown or dead) were recorded on 10 plants in the center of each plot at two to three time points. All data were analyzed using a two-factor analysis of variance [15] . Means separations were determined by application of Tukey's HSD studentized range test [15] .
Results
Colorado Potato
Beetle. Three treatments, "Yukon Gold + Btcry3A," "Norwis + Btcry3A," and "Superior" with thiamethoxam at planting, resulted in significantly fewer small and large (1st-4th instar larvae) Colorado potato beetle larvae at all sampling dates, as compared with "Prince Hairy" (glandular trichomes) and the untreated control (Table 1) . There were no significant differences between "Yukon Gold + Btcry3A," "Norwis + Btcry3A," and "Superior" + thiamethoxam for Colorado potato beetle larval counts in both years (Table 1 ). The same three treatments ("Yukon Gold + Btcry3A," "Norwis + Btcry3A," and "Superior" + thiamethoxam) resulted in significantly less plant defoliation caused by Colorado potato beetle as compared with "Prince Hairy" and the untreated control in both years (Table 2 ). There were no significant differences between "Yukon Gold + Btcry3A," "Norwis + Btcry3A," and "Superior" + thiamethoxam in either year with the exception of "Norwis + Btcry3A" at 97 DAP (August 21, 2003) .
The number of small and large Colorado potato beetle larvae on "Prince Hairy" was not significantly different from the untreated "Superior" in either year with the exception of one sampling date in 2004 (Table 1) . However, "Prince Hairy" plants had significantly less defoliation caused by Colorado potato beetle than untreated "Superior" on all evaluation dates in both years, except for the first two sampling dates in 2003 (Table 2) . Although "Prince Hairy" demonstrated some resistance to Colorado potato beetle damage, it provided significantly less control than "Yukon Gold + Btcry3A", "Norwis + Btcry3A", and thiamethoxam-treated "Superior" at nearly every sampling date in both 2003 and 2004 (Tables 1 and 2 ).
Potato
Leafhopper. "Prince Hairy" showed significantly less potato leafhopper damage than other treatments (with the exception of thiamethoxam treated "Superior") in both years (Table 3) . "Prince Hairy" plots had a rating of less than 1.1 each year (scale 0-3), demonstrating that this cultivar had little potato leafhopper damage even when the susceptible varieties were severely damaged by leafhopper feeding.
Leafhopper damage to the transgenic lines ("Yukon Gold + Btcry3A" and "Norwis + Btcry3A") was not significantly different from damage to the susceptible cultivar "Superior" in both years with the exception of two sampling dates By the second sampling date, the damage to the treated plots was not significantly different from the damage to the untreated "Superior" plots (Table 3 ).
Discussion
Our results show that both types of host plant resistance were as effective as the chemical control against either the Colorado potato beetle or the potato leafhopper, but neither type provided acceptable control of both insect pests. There is a close linear relationship between leafhopper damage and yield loss [3, 16] , and Ghidiu (unpublished results) showed that yields begin to decrease as soon as damage starts to appear. Because "Prince Hairy" had significantly less leafhopper damage than the other treatments ("Yukon Gold + Btcry3A," "Norwis + Btcry3A," and untreated "Superior") one would expect less leafhopper-related yield loss with "Prince Hairy" than a more leafhopper-susceptible line. In addition, the use of a glandular trichome line such as "Prince Hairy" may limit the need for pesticide applications to control late season potato leafhopper populations, such as those encountered during the 2003 season, and will be helpful to control this insect in organic production systems.
Although Bt-based resistance is no longer used in commercial potato production due to consumer resistance to the technology [17] , it is important to continue to develop and test new transgenic lines that are insect resistant and meet commercial standards for the various market classes and regional grower preferences. This will ensure that when consumer attitudes change or when the Bt technology is imminently necessary, the appropriate potato cultivars will be available to growers.
